Abstract-A shielded, conductor-backed coplanar waveguide technique is used to determine the complex permittivity and loss tangent of nano magnetic composite materials over X-band. The test composite material is synthesized by reinforcing cobalt ferrite particles with average crystallite diameter 7.36 nm in low density polyethylene matrix with 2% and 4% volume fractions. The complex permittivity for low density polyethylene matrix and the composite samples, evaluated from the present technique at 9.887 GHz, are verified with cavity perturbation technique resonating at the same frequency. A new mathematical approach, using element-to-element correspondence of the ABCD matrix, is applied to calculate the complex propagation constant. The formulation facilitates evaluation of complex propagation constant over the test frequency range using scalar scattering parameters without altering the coplanar waveguide geometry. The mathematical formulation is verified by performing permittivity measurements for air over the X-band.
INTRODUCTION
Broadband device applications make it essential to measure the complex permittivity of materials over a wide range of frequencies. The methods for material property characterizations at microwave frequencies are based on transmission lines and the resonant structures developed from transmission lines [1] [2] [3] [4] [5] . Nonresonant methods, using coaxial lines and rectangular waveguides, are suitable for characterizing samples of fixed thickness. Techniques employing microstrip and coplanar lines, however, allow characterizing samples of varying thickness.
Resonant methods are, essentially, limited to single frequency or its harmonics, whereas, the broadband characterization of the dielectric properties of material is possible using nonresonant methods [6] . The broadband measurements can be realized by optimizing the shape of the microstrip or coplanar geometry to allow propagation of dominant quasi-TEM mode [3] . The broadband extraction can be performed using stripline, microstrip line and waveguide as feeding structures [7] [8] [9] [10] [11] [12] [13] . This can be realized either by using the test samples as substrate or by placing it over the structure whose substrate properties is known. Some pioneer work on broad-band measurements of complex permittivity are reported by Weir [14] , Barry [15] and Hu et al. [16] using complex S-parameters. However, these techniques employ vector measurements and, thus, usually need complex instrumentation. Non-resonant techniques require full electromagnetic modelling of the measurement geometries for precise determination of permittivity at microwave frequencies. In references [17, 18] , scalar measurement technique is reported which is employed only for planar four-port microwave device.
In the present investigation, a simple mathematical approach has been developed to evaluate the complex permittivity using scalar S-parameters over broad microwave frequency range, using single conductor-backed CPW geometry. A shielded conductor-backed CPW structure, Fig. 1(a) , is used to determine the complex permittivity of magneto-polymer composite material. Nano sized cobalt ferrite in low density polyethylene matrix (CoFe 2 O 4 -LDPE) is synthesized as test composite material. Magneto-dielectric properties of the composite material can be tailored to miniaturize the size of the microwave devices designed on it. In addition, external magnetic tuning can be used for enhancing bandwidth of operation of the device. Fast relaxing cobalt ion in the ferrite at microwave frequencies makes it as potential material for microstrip substrate application [19] [20] [21] . From the measured scalar S-parameters, complex propagation constant is computed using element-to-element correspondence of the ABCD matrix. Here transmission (ABCD) matrix solutions are determined considering conductor-backed CPW as two port network [22] .
CONDUCTOR-BACKED CPW DESIGN CONSIDERATION
The geometry used in the present investigation is a conventional coplanar waveguide (CPW) with conductor backing and top metal cover. Unshielded CPW, without conductor backing, is a threeconductor line with finite lateral ground planes and single centre strip. The structure can generate two fundamental quasi-TEM modeseven mode and odd mode with zero cut-off frequency [23] . The even mode, commonly known as coplanar waveguide mode, is generated when the two lateral ground planes have equal potential. The odd mode, also called as slotline mode, is generated when the two lateral ground planes are of equal magnitude but different potentials. Apart from the above modes, in unshielded CPW with conductor backing, parasitic modes similar to microstrip like surface wave mode may be generated, even if lateral ground planes and the back conductor are at same potential. The parasitic mode excited inside conductorbacked coplanar waveguide depends on the height of the substrate and geometrical line parameters. This mode propagates together with the even and odd modes for normal CPW [24] . In quasi-static analysis technique, the influence of the odd mode and the surface wave mode is not considered [25] . Since our formulation is based on quasi-static analysis, the design parameters of the conductor-backed CPW are optimized to suppress the occurrence of the unwanted modes. The design considerations are based on full wave analysis available in the literature [16, [22] [23] [24] [25] [26] [27] [28] .
Suppression of odd modes is accomplished by keeping the lateral ground planes at equal potential. Equal potential can be achieved by putting air bridges, but at times this may lead to floating potential. In the conductor-backed CPW structure used, the lateral ground planes and conductor backing is kept at the same ground potential by means of properly spaced conductive side bridges [24] .
Height and width of the strip are important dimensions of conductor-backed CPW, which decide whether the radio frequency transmission through the structure follow microstrip (parasitic mode) or coplanar line (even mode) configuration. For a fixed substrate thickness, h 1 , as the width, w, of the signal conductor increases the ratio of guided wavelength to free space wavelength (λ g /λ 0 ), approaches that of a microstrip line. On the other hand, for a fixed w as h 1 increases, the ratio λ g /λ 0 , approaches that of a conventional CPW. For low dispersion, the separation, s, of the lateral ground conductor and the signal conductor is chosen such that h 1 > w + 2s and h 1 ≤ λ/2. This criterion makes the even mode propagation as quasi-TEM dominant mode [16] .
Upper metal shield results in reduction of line impedance only. To lessen the effect of shield height, h 2 , on the line impedance, minimum value of h 2 should be about two times that of 2s + w for CPW without conductor-back. Conductor-backed coplanar lines are relatively less sensitive to shielding than free-standing coplanar waveguides, for the same characteristic impedance. Thus the criterion h 2 ≥ 1.5(2s + w) is a good approximation for practical design [26] .
There are four limiting cases of electromagnetic field distribution for the conductor-backed CPW with a top metal cover, as mentioned in reference [27] . Here, a normal electromagnetic field distribution in conductor-backed CPW is considered. To ensure the electromagnetic propagation through shielded conductor-backed CPW, similar to normal CPW, the top metal cover height h 2 is kept comparable to the substrate thickness h 1 ( Fig. 1(b) ).
Coplanar lines with lateral ground planes of unequal widths and unequal slot widths, additionally, have the tendency to excite the unwanted odd mode on the waveguide and, therefore, are not used in the conductor-backed CPW design. The lateral ground-plane width, W g , is chosen to fulfil the condition W g ≥ 0.5(2s+w), so that the effect of the ground width on the characteristic impedances of the even and the odd mode can be neglected [26] .
FORMULATION
The procedure for the evaluation of the complex permittivity involves two steps [16] . First is the calculation of the filling factors through conformal mapping. The second step involves deriving a relation for determining the complex permittivity of the test material in terms of the characteristic impedance and propagation constant of the conductor-backed CPW configuration using S-parameters.
Calculation of Filling Factors
For the structure shown in Fig. 1(a) , the two filling factors, q 1 and q 2 for the dielectric region 1 and 2 of the conductor-backed CPW configuration, respectively, can be derived using conformal mapping technique [24, 28] , as follows
where
with K(k) and K(k ) being the elliptic integrals of the first kind and its complement, and
Calculation of Complex Permittivity
The scattering parameters of the test structure are converted to ABCD parameters by the following relation
The ABCD parameters for the conductor-backed CPW structure of length, l, can be expressed in terms of the propagating parameters of the transmission line as [16, 22] A B C D = cosh(γl) Z e sinh(γl)
where Z e and γ are the characteristic impedance and complex propagation constant of the transmission line, respectively. From (5), the characteristic impedance and propagation constant can be expressed in terms of the known experimental ABCD parameters and the length of the coplanar waveguide. An ambiguity does result in the propagation constant due to electrical length being unknown, this can be resolved by keeping the length of the conductor-backed CPW less than half a wavelength long.
The challenge is to determine γ over a broad band of frequency using scalar S-parameters and keeping the same conductor-backed CPW geometry. Equations (5) and (6) shows that A, B, C and D are complex quantities. However, in our measurements the S-parameters are scalar. To incorporate our measurements to evaluate ABCD, those frequencies have to be taken, for which either α = 0, β = 0 or α = 0, β = 0, π is satisfied. This limits the determination of the complex propagation constant, γ, to certain values of frequency for those lengths of the conductor-backed CPW structure, which satisfies the condition of phase constant, β = 0 or π. Consequently, for a complete sweep of frequency, different guided wavelengths have to be considered and, hence, different conductor-backed CPW structures.
To overcome the above constrain, γ is computed over a broad frequency range after mathematically simplifying (6) by elementto-element correspondence of the ABCD matrix and considering Z 0 ∼ =50 Ohm. Equation (6) can be rewritten as
Thus from (7),
The characteristic impedance Z e of the transmission line is given as
From (9) and (10)
and is computed from the measured scalar S-parameters. Effective relative permittivity with the test material is calculated from the expression
where ω is angular frequency and Z e V is the characteristic impedance when the test material (dielectric region 2) is replaced with free space (ε 0 = 8.845 × 10 −12 F/m, µ 0 = 4π × 10 −7 H/m) and can be found from
Accurate expressions for the ratio K(k)/K(k ) are available in [29] . The effective permittivity ε eff of the substrate w.r.t. air can be calculated from
where ε r1 is the permittivity of the known material (dielectric region 1). Finally, the complex permittivity, ε * r2 , of the unknown material is determined by substituting the values of ε * reff from (13) in the equation given below [16] 
4. METHODOLOGY
Fabrication of the Conductor-backed CPW Configuration
The conductor-backed CPW is fabricated over a glass epoxy substrate with known permittivity ε r1 = 4.5 and h 1 = h 2 = 2.4 mm. The coplanar strip dimensions s = 0.19 mm and w = 1.2 mm are chosen such that, h 1 > w + 2s and h 2 ≥ 1.5(2s + w). The lateral ground-plane width, W g , is chosen as 0.84 mm. To satisfy the condition l < λ/2 for X-band operation, the length of the coplanar strip is taken as 13 mm. The coplanar waveguide structure is fabricated with 50 Ohm coaxial impedance matching. The filling factors are calculated using (1) and (2) . The scalar S-parameters are measured using an automated PC-based system developed in the laboratory [30] . Measurements are carried out over a range from 9.500 to 12.045 GHz, as the impedance mismatch becomes more pronounced beyond 12.045 GHz (Fig. 2(b) ).
Test Material Synthesis
Particulate magneto-polymer composite is used as the test material for the complex permittivity measurement in this method. Nano sized ferrite particles are prepared by wet synthesis method [31] by dissolving iron (III) nitrate and cobaltous nitrate in stoichiometric proportion in deionised water, oleic acid and sodium hydroxide (3 M, 20 ml) and stirred at 80 • C. The polycrystalline residue is annealed at 400 • C for three hours to get cobalt ferrite particles. Homogenous composite of LDPE with CoFe 2 O 4 is fabricated by reinforcing 2% and 4% volume fractions (V.F.) of CoFe 2 O 4 in LDPE, dissolved in cyclohexane at 70 • C. The test samples are fabricated by moulding the composite to rectangular shapes with thickness varying from 0.5 mm-1.0 mm. X-ray diffraction, Transmission Electron Microscopy and Scanning Electron Microscopy studies confirm cubic spinel structure of the ferrites and their uniform distribution in the matrix. The average crystallite diameter of the ferrite particles is found to be ∼ = 7.36 nm.
RESULTS AND DISCUSSIONS

Calibration of the Conductor-backed CPW
In order to validate the measurement technique, experimental measurements for the conductor-backed CPW configuration are carried out repetitively with air.
Filling the dielectric region 2 with air, the complex permittivity is obtained over the X-band frequencies using this technique. The experimental values agree quantitatively with the theoretical value ε air = 1 + j0 [32] .
A marginal deviation, with root mean square error equal to 0.0158 in the complex permittivity of air, from the theoretical value is observed (Fig. 2(a) ). The maximum percentage error in measurement of ε (∆ε ) is found to be ranging from −1.83% to +3.72% as shown in Fig. 2(c) .
Mismatch Analysis
The conductor-backed CPW structure is designed considering 50 Ohm impedance matching (referred in Section 4.1). Practical fabrication may lead to impedance mismatch over the range of frequencies under consideration and, hence, may affect the complex permittivity results. The possible mismatch error can occur in all the S-parameters. However, |S 12 | parameter of the test sample is taken w.r.t. direct power (dielectric region 2 as air). Thus, the |S 12 | mismatch error does not effect computation of effective relative permittivity and the mismatch error can be considered due to |S 11 | (or |S 22 |). |S 11 | is equal to |S 22 |, as conductor-backed CPW configuration is symmetric. The mismatch is computed taking dielectric region 2 as air and is found out in terms of percentage of match efficiency using
Figure 2(b) shows the impedance mismatch.
Complex Permittivity Measurement of the Test Samples
The dielectric region 2 of the conductor-backed CPW configuration is filled, alternatively by LDPE, 2% and 4% VF CoFe 2 O 4 -LDPE composite as test materials. The measurements are carried out at room temperature over 9.500 GHz to 12.045 GHz and complex permittivity is computed using (16) .
Figures 3(a) and 4(a) show material dispersion analogous to Barry [15] , with maximum coupling in the conductor-backed CPW structure at 10 GHz, as seen from the prominent peaks within 9.7 GHz-10.4 GHz. However, on increasing the resolution of the permittivity spectra along y-axis [ Fig. 3(b) ], ε of LDPE shows variation through 9.500 GHz to 12.045 GHz. Analysis of propagation of electromagnetic waves through non-conductors can explain the variation of complex permittivity with frequency [33] . Electrons in a dielectric molecule, considered to be situated at different locations, experiences different natural angular frequencies and damping. If f i bounded electrons, with frequency ω i , mass m and damping γ i in each molecule interact with the electromagnetic wave of angular frequency ω, then the polarization P is given by
where the system has N molecules per unit volume.
(a) (b) Figure 3 . Permittivity spectra of CoFe 2 O 4 -LDPE composite with 2% and 4% volume fractions compared with pure low density polyethylene: (a) real part of the complex permittivity (ε ) and (b) permittivity axis with increased resolution.
LDPE has a chain structure with side branches and are oriented in different directions in bulk polymer. When pumped with microwave power with varying ω, the dipole moment and hence, the polarization of the molecules fluctuates in accordance with (13) . Complex polarization P * is also related to complex field E * by relation, P * = ε 0 χ * e E * , where χ * e is the complex susceptibility. The complex permittivity is given by ε * =ε 0 (1+χ * e ) and the relative complex permittivity is determined by relation
Hence from (19) both real and imaginary part of relative complex permittivity of the system will vary with the frequency of pumped electromagnetic wave. A resonance may occur when the frequency of electron ω i equals ω, resulting in maximum value of real part of ε * r , which in present investigation is at 10.13 GHz for LDPE. This phenomenon remains even after reinforcement of LDPE with the particulate fillers. Fillers in composites will also have electrons having different locational natural frequencies and damping and hence different interacting frequency with pumped microwave, leading to variation in ε values of the composites. Here, in CoFe 2 O 4 -LDPE composites, the resonance frequency is found ranging between 9.7 GHz-10.4 GHz.
A similar variation is observed on increasing the resolution of the loss tangent (tan δ ε ) spectra along y-axis [ Fig. 4(b) ]. However, above 10 GHz, losses of the composite material are found to be lower than that of pure LDPE and are attributed to electron hopping phenomenon, which gets restricted in the composite [34] .
To substantiate complex permittivity of the test material at microwave frequencies, dielectric measurements are carried out using cavity perturbation technique [2] . A TE 103 reflection cavity at 9.887 GHz with Q value of 1832.35 is fabricated for measurements. Affirmation of results are done on pure LDPE (as reference material) using both cavity perturbation and conductor-backed CPW technique. The results obtained are tabulated in Table 1 . The value of ε for pure LDPE, measured with the cavity perturbation technique, varies in the range 1.85-2.57 at 9.887 GHz. It is comparable to the standard value of permittivity of LDPE at X-band which is 2.26 [35] . The variation in the permittivity values in cavity perturbation technique is because the measurement system has a frequency least-count of 0.001 GHz [30] and cannot precisely resolve frequency shifts less than that. It is observed from Table 1 that the values of real part of complex permittivity and loss tangent of the test samples obtained from both the techniques are comparable.
(a) (b) Figure 4 . Dielectric loss tangent spectra of CoFe 2 O 4 -LDPE composite with 2% and 4% volume fractions compared with pure low density polyethylene: (a) loss tangent of the complex permittivity (tan δ ε ) and (b) loss tangent axis with increased resolution. 
CONCLUSION
In this work, the computational approach is modified making it possible to determine complex permittivity over a wide range of frequencies using scalar S-parameters, without incorporating any changes in the geometry. The technique is versatile, non-destructive and can also be used to simultaneously extract complex permittivity and permeability. In addition, the technique requires a simple calculation and calibration procedure in terms of scalar measurements and avoids expensive vector measurements. The technique is limited by the thickness of the test material which has to be comparable with the thickness of the substrate of the CPW structure.
